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SUMMARY
The effect of reduced pressure on blowoff, flashback, and burning
velocities of propane-oxygen-nitrogenburner flames was studied (oxygen
fraction of oxidant, 0.5). The pressure e~onent of burning velocity,
0.22, was nearly the same as for hydrogen-air flames; stability loops
showed the same blowoff and flashback characteristics as were previously
observed for hydrogen-air flames. In particular, for both systems,
quenching distances determined as a function of pressure from the points
of intersection of flashback and blowoff portions of stability loops were
considerably higher than those obtained previously by a stopped-flow
method.
Of the two systems, the hydrogen-air system showed larger burningm
velocity, greater stability toward reduced pressure, and higher reaction
order, as calculated from a simple thermal equation, and the propane-
-
oxygen-nitrogen system showed the larger reactivity based on flashback.
For both systems, laminar and turbulent flashback followed the velocity-
gradient concept. However, turbulent blowoff was successfully treated
by a critical boundary velocity gradient for propane-oxygen-nitrogen
flames, whereas for hydrogen-air flames neither laminar nor turbulent
blowoff conformed to the velocity-gradientprinciple.
Laminar flashback was studied for hydrogen-argon-’’air”and hydrogen-
helium-’’airnsystems over a range of pressures. These data contributed
toward a general consideration of the pressure dependence of flashback
for several fuel-oxidant systems. No relation was found between the
critical boundary velocity gradient at 1 atmosphere and its pressure ex-
ponent. However, the critical flashback gradient at a pressure of 1
atmosphere and an equivalence ratio of 1 decreased exponentially with the
reciprocal of the adiabatic flame temperature in the manner of a chemical
reaction rate.
2INTRODUCTION




and burntng velocities of
laminar and turbulent hydrogen-air burner flames were measured as a func-
tion of pressure (refs. 1 and 2). The present study extended the flame
measurements to several other systems. The first of these was a propane-





held constant and equal to 0.50 (syuibolsare defined in the appendix).
other two systems investigatedwere hydrogen-air systems in which
nitrogen was replaced by argon and helium: (In this p&per hydrogen-oxygen
flames with argon and helium as a diluent and with the oxygen concentration
in the oxidant mixture nearly the same as for ordinary air are referred
to as hydrogen-argon.’lair’~and hydrogen-helium-’’air’rflames, respectively.)
The propane-oxygen-nitrogen system was chosen for several reasons.
First, the maximum burning velocity at 1 atmosphere (220 to 245 cm see)
{was fairly close to that of hydrogen-air flames (270 to 310 cm/sec .
Second, laminar burning velocities had been measured at 1 atmosphere and
near room temperature (3110 K] by the total-area schlieren method (ref. 3).
Thus, a check was available on burning velocities to be obtained at lower
pressures by the same method. Furthermore, quenching distances and adia-
batic flame temperatures were known over a range of subatmosphericpres- 6
sures (ref. 4). Thus, it was possible to examine the effect on burner
flame properties of changing the fuel and oxidant while holding burning
velocity nearly constant. Generally, it was of interest to examine the
*
extent to which relations and trends observed for hydrogen-air flames
were reproduced. More specifically, it was desirable to observe whether
a relation exists between chemical reactivity, as measured by the critical
boundary velocity gradient for flashback, and flame stability, as measured
by the approximate area within a stability loop. A final advantage of
the system chosen lay in the fact that flames were intensely luminous
down to the lowest pressures considered (0.058 atm), so that it was pos-
sible to observe in some detail actual flame behavior at blowoff and flash-
back. This was relatively difficult to observe with hydrogen flames,
which are much less luminous.
The other two systbns were chosen so that the effect of changing the
diluent without changing fuel and oxidant might be examined. For these
systems, measurements were confined to laminar flashback.
The experiments done in the present investigation and in references e
1 and 2 have produced a consistent set of flashback data over a range of
pressure for four fuel-oxidant systems. These data may be compared with b
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other results previously reported on the pressure dependence of flashback
* for various other systems. In the present study, the existence of two
possible general relations has beep considered: first, a relation between
the pressure dependence of flashback and the critical boundary velocity
gradient in some standard condition and, second, between some standard
flashback gradient and the adiabatic flame temperature.
APPARATUS AND PROCEDURE
The apparatus used was that described in references”l and 2j it is
shown schematically in figure 1. Burner flames were established within
a chamber whose pressure was regulated by a vacuum pump and a manual air
bleed. The pressure within the chamber was read on a manometer. The
burner itself was 50 inches long and about 3/4 inch in diameter; it was
water-cooled near the lip. Tubular inserts 1.459, 1.016, 0.546, and 0.311
centimeter in diameter (about 5/8, 4/10, 1/4, and 1/8 in.) were used.
The two largest inserts extended the full length of the burner. The two
smallest inserts were about 2 feet long. Tank propane (chemicallypure)
and hydrogen (98 to 99 percent E2) were used without further purification.
Three prepared oxidant mixtures were used: 50 percent nitrogen (by
volume), 50 percent oxygen; 20.6 percent oxygen, 79.4 percent argon; and
20.6 percent oxygen, 79.4 percent helium. The nominal composition of one
oxidant mixture was verified by Orsat analysis. The combustible mixture
was prepared by metering fuel and oxidant separately through calibrated
l
critical-flow orifices, mixing taking place several feet upstream of the
burner inlet.
. For measuring stability limits, a stable flame was first established
at some pressure. Then the pressure was slowly increased or decreased,
at constant mass flow, until the flame flashed back or blew off. The
average stream velocity at which flame loss occurred was obtained as a
function of ambient pressure, burner diameter and nominal volume flow
~
rate at the calibration pressure (about 1 atut by the expression
(2)
Ambient pressures were corrected to 0° C and standard gravity. This cor-
rection was negligible for pressures greater than about 20 centimeters
of mercury. Where blowoff as well.as flashback data were sought, points
were obtained in pairs as was done in the investigation of reference 5.
At low Reynolds numbers, near the quenching point, flames did not
* flashback sharply, but moved slowly back into the tube. Often this move-
ment was asymmetric and resulted in a tilted flame (refs. 6 and 7). In
this region, the flashback pressure was taken as the pressure at which a
.
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portion of the flame first dropped below the level of the burner rim.
Because of the intense luminosity of the propane flames even at the lowest
pressures studied, it was possible to observe the phenomenon of “partial
blowoff”. At a pressure about 1 centimeter of mercury higher than the
pressure at which complete blowoff occurred, a small portion of the flame
base lifted from its stable position near tha burner. Often this lifting
was accompanied by a slow turning of the flame about a vertical axis.
For hydrogen-air flames, it had not been possible to observe partial blow-
off at low pressures quantitatively; hence, the criterion for blowoff
had been taken as total loss of flame. For consistency, the same criterion
was adopted in the present study.
Laminar burning velocities based on the total area of the schlieren
cone were obtained. The pressure within the combustion chamber (accurate
to about Q.2 cm Hg) was set at a desired constant value. Flames were
established above the burner port and photographed by use of’a high-
-pressuremercury arc which gave an eqosure of about5 microseconds; com-
position was varied while pressure was held constant and total mass-flow
rate was changed only slightly. Measurements were made at pressure levels
of about 39, 19, and 12 centimeters of mercury; to avoid quenching effects
(ref. 8,p. 75) burner diameter wasincreased aspressure was lowered.
The method used for obtaining the total area of the schlieren image is_
described in reference 1.
Turbulent burning velocities were based on the mean surface of the
visible flame brush. Measurements were made on photographic images and
no correction was made for flame-front curvature. Values were obtained
as described in reference 9.
BURNING VELOCITY AND STABILITY OF PROPANE-OXYGEN-NITROGENFWS
Burning Velocity
Laminar burning velocities are shown in figure 2 as a function of
composition at several pressures below 1 atmosphere. Also included are
the data of reference 3, which were obtained in 1 atmosphere. The results
for stoichiometric flames are shown cross-plotted as a function of pressure
in figure 3, from which iitmay be seen that present results at 39 and 19
centimeters of mercury extrapolate to give previously observed values at
1 atmosphere. Values obtained at 12 centimeters of mercury were sl@htly
higher than expected. This may have been due to the fact that, although
a larger burner was used at this low pressqre and measurements were made
as close to flashback as was feasible, there was a-considerable dead s-pace
above the rim through which a small amount of fuel-air mixture might have
diverged. If this point is neglected, a pressure exponent of 0.22 is
obtained at an equivalence ratio of 1. If the point were not neglected,














would not be significant. Burning velocities were also cross-
at equivalence ratios of 0.80 and 1.20. These cross plots gave
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the same value for the pressure exponent as was found for q = 1.00.
Furthermore, in both cross plots data points at 1.2centimeters of mercury
were slightly higher than expected. As shown in figure 2, burning-velocity
curves at the two lowest pressures appear to cross in the very rich region.
This apparent crossing is almost certainly a result of experimental error
and has no physical significance. It might be tiotedthat, although the
experimental scatter in the present results at low pressures is reasonably
small, about A5 percent, it is much larger than that found for data pre-
viously reported at 1 atmosphere. However, the previously reported data
at 1 atmosphere had been subjected to a smoothing process, based on a
method given in reference 10, which assumed that the flame surface was
the same function of the flame base and height for all compositions and
flows. No such assumption was made in the present measurements.
The value obtained for the pressure exponent of burning velocity n
may be compared with that obtained for hydrogen-air flames by the same
method, 0.23. From extensive measurements based on pressure rise in a
constant-volume boub, it had been concluded that mixtures having similar
burning velocities at a given pressure should show about the same value
for the pressure dependence (ref. 11). The two values for n given here
are more than twice as large as those reported as obtained in a constant-
volume bomb. However, the fact that they are nearly the same offers a
limited corroboration for the proposal that chemically unlike combustible
mixtures having similar burning velocities should show the same pressure
+ dependence of burning velocity, provided that measurements for the dif-
ferent systems are made by the same method.
.
Turbulent burning velocities for stoichiometric flames are also shown
in figure 3. They were obtained in a 1.016-centimeter burner at a Reynolds
number of about 4000. They are discussed in connection with the mechanism
of turbulent flashback.
Flashback
Flashback results for propane-oxygen-nitrogen flames are presented
in figure 4 and table I. They are expressed in terms of a critical bound-
ary velocity gradient for flashback which,
logarithmically against ambient pressure.
critical boundary velocity gradient may be
bolic velocity distribution to give
8U*
f3f=~
in figure 4, is shown plotted
For laminar flames this
evaluated in terms of a para-
(3)
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For turbulent flames, evaluation of the critical wall gradient is based
on the fact that, for fully developed pipe turbulence, the flow in a w
sublayer near
ical friction
t% wall is laminar. The relation, which depends on empir-
data, is often expressed as (ref. 12, p. 297)
where Reynolds number
The mixture viscosity
gf,t = 0.023 Re008]
is evaluated as
v =






by the approximation (ref. 13)
4 for equivalence ratios of 0.60, 0.80,
(6)
1.00, 1.25, and 1.45 and ~or burners i.459, 1.016, and 0.546 c&timeter
in diameter. Both laminar and turbulent regimes are represented. For a
given fuel-oxidant mixture there are two ranges of data points for which
.-
the critical gradient is independent of burner diameter and for which
log gf plotted against log P gives a pair of straight lines, which are - -
nearly parallel. (An exception to this behavior is observed for the *
richest flames studied; there the critical boundary velocity gradient is
not independent of burner diameter (see fig. 4(e)).) This and nearly all .
other features of flashback curves had been previously observed for
hydrogen-air flames. The line which gives the lower value of gf for any
given pressure has been previously referred to as the line of normal
laminar flashback. The line giving a higher value is the line of fully
developed turbulent flashback. A large portion of the data for any given
burner fall along these two lines. At very low Reynolds nuu.ibers,however,
—
data for a particular burner deviate from the line of normal laminar
flashback; as shown in figures 4(b), (c), and (d), the curve becomes
flatter. This Is the region in which flashback ceases to be a sharply
explosive phenomenon. This flattening of the flashback curve has been
interpreted, for hydrogen-air flames, as being caused by partial quenching
of the flame by the wall (ref. 1). The explanation seems to apply equally
well to the present results. Data for a given burner also deviate from
the line of normal laminar flashback at some higher Reynolds number, -
—
which represents the beginning of the regio_nof laminar-turbulent transi-
tion. In this transition region, as Reynolds number is increased flames




u flashback is nearly unchanged. The appearance of flames in this region
of flashback at constant pressure confirms that laminar-turbulent transi-
tion is indeed taking place: flames are generally Iaminar, but display
an increasing frequency of turbulent pulsations with increasing Reynolds
number. Finally, at some characteristic Reynolds nuuiber,flames become
steadily turbulent; data break sharply upward and follow the line of
turbulent flashback with further increase in Reynolds number.
These four regions, the regions of partial quenching, normal laminm
flashback, laminar-turbulent transition, and turbulent flashback, are
indicated in figure 4. The extent of the transition region, that is,
the crossover region from the normal laminar line to the turbulent line,
is characteristic of the burner used. That is, for the 1.016- and 1.459-
centimeter burners, the transition flashback region lies between Reynolds
numbers of about 1500 and 25CXI. This range of Reynolds numbers corres~onds
to the transition region in cold flow, as verified by hot-wire-anemometer
measurements (ref. 2). Thus, the onset of turbulence does not seem to
be influenced by the presence of a flame. For the 0.546-centimeter burner,
inlet conditions were unusually smooth and departure from laminar behavior
was not achieved below a pressure of 1 atmosphere. As with hydrogen-air
flames, critical flashback gradients in the transition region were ce.l-
culated in the same way as for l.aminarconditions. TM.s procedure has
been justified in a previous publication (ref. 2).
It might be noted that the beginning of the transition region is
c characterized by an actual drop in the flashback pressure of 2 to 3
centimeters of mercury, after which the flashback pressure remains nearly
constant. Reexamination of previous data shows that this initial small
. drop in flashback pressure had also been observed for hydrogen-air flames.
NO explanation for this behavior is offered at present.
Eressure exponent of flashback. - The pressure exponents for laminar
and turbulent flashback are obtained from the slopes of the normal laminar
and fully turbulent lines. As is true for hydrogen-air flames, the pres-
sure exponents for laminar flashback are independent of composition over
the measured range. Results for laminar flashback may be e~ressed as
a loguf a log gf
~=~=1”13 (7)
where 1.13 represents an average value. Results in the turbulent region
show somewhat more scatter and, perhaps, a trend toward higher values with
increasing equivalence ratio. However, the average value is 1.11, about
the same as for laminar flames. Since data in the laminar region are
. probably more accurate than the turbulent-region data, the exponent ob-
tained for laminar flashback is used in connection with both laminar and







and critical boundary velocity gradients are related, through
(6), by the expression (ref. 2)
This gives a value of 0.19 for b log Iff,t/a
value 0.29 observed for hydrogen-air flames.
For mny fuel-oxidant systems, critical







related by (ref. 14)
(9)
Logarithmic differentiation of equation (9) at constant equivalence ratio
gives
[10)
Hence, if combustion data for a given initial mixture are related by
equation (9) over a range of pressure, correspondingpressure exponents
are also related by equation (9). For the”present propane-oxygen-nitrogen
system, a pressure exponent for quenching distance of -0.93 has been
observed at a stoichiometric fuel-oxidant ratio (ref. 4). Comparison
with presently measured exponents for ~ and gf shows that equation
l
(9) is satisfied within experimental error. By use of present burning
velocity and flashback and quenching data from reference 4, the constant .
of proportionality in equation (9) was evaluated for an equivalence
ratio of 1. This gave, for laminar flames, —
i3f= 3.1 ~/Dq (11)
which may be co~ared with a coefficient of 2.6 obtained for hydrogen-air
flames (ref. 1). The critical gradient is usually expressed in terms of
a burning velocity and a penetration distance from the wall by the
expression
gf = q-Ja (12)
The penetration distance 5 is the smallest distance from a cold wall at
which a flame can maintain the normal burning velocity ~b corresponding
to a given initial mixture and ambient pressure. Thus, comparison of
equations (11) and (12) shows that the coefficient 3.1 is consistent with ‘
the estimate that the quenching distance between parallel plates shotildbe _
roughly twice the penetration distance (ref. 12, p. 286). .
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An over-all reaction order may be obtained from flashback data by a
.
relation based on a si~le thermal theory (ref. 15) and the assumption
that an equation of the form of equation (9) is followed. The relation
is as ??O11OWS
a loggf
alogP ‘m-l+ +=(& ‘k)
(13)
The activation energy ~=t is taken to be 40 kilocalories per mole.
This value was consistent with the value of 24 kilocalories per mole
chosen for hydrogen-air flames (ref. M). Values of Tn (2844° K) and
~ log T@ log P (0.0252) are obtained from adiabatic flame temperatures
given in reference 4 for stoichiometric mixtures. Finally, ~ is related
to a quenching temperature Tq by the empirical relation (ref. 15)
‘q =0.8 Tn +0.2 To (14)
Tq is thus found to be 23370 K at 1 atmosphere. By use of the measured
y average value of a log gf@ logP, 1.13, equation (13) canbe solved to1A
d give a reaction order m of 1.94. It should be noted that the last
term in equation (13) represents a small correction for the pressure
dependence of flame temperature, so that to a ftist approximation the
reaction is nearly second order, and the reaction order is given by 1
b plus the pressure exponent of the critical flashback gradient.
Relation between laminar and turbulent flashback. - The value of
.
(gf,t/gf)p may be obtained directly from the lines of normal laminar and
turbulent flashback shown in figure 4. Since for a given equivalence
ratio these lines are not exactly parallel, probably because of ~eri-
mental error, the value of (gf,t/gf)p depends slightly on pressure. Ac-
cordingly, in figure 4 values &e shown at a pressure of 30 centimeters
of mercury, which is approximately the pressure at which the flow becomes
turbulent in the intermediate-sizeburner. The average value of (gf,t/gf)p
is 2.8; this is in good agreement with results for hydrogen-air flam&
(ref. 2). In the present case, however, the value is not independent of
composition, but increases with increasing equivalence ratio from 2.2 at
~ = 0.60 to 3.5 at Q = 1.25. The effect of this is shown in figures 5
and 6. In figure 5, the laminar and turbulent critical gradients are
plotted as functions of equivalence ratio for an auibientpressure of 30
centimeters of mercury. The laminar curve peaks at an equivalence ratio
of about 1.05. The turbulent curve, however, does not appear to go
. through a maximum, but continues to increase rich of stoichiometric. This
increase is reflected in the fact that (gf,t/gf)p increases with in-







somewhat different from that shown by hydrogen-air flames
the laminar and turbulent critical gradients peaked at
+.
equivalence ratio. Although this behavior cannot be ex-
plained at present, it may be related to other aspects of turbulent burner
flames. It is well known, for example, that both turbulent burning veloc-




burner flames (refs. 9 and 16].





where the increase in the coefficient over that given in equation (11]
represents the increase in the critical gradient with turbulence. This
two- or threefold increase in the critical boundary velocity gradient for
-.
flashback with turbulence has been generally observed in the past, for
instance for hydrogen-isooctane-airand propane-air flames (ref. 17).
Furthermore, comparison of laminar flashback data given in reference 12
(p. 293) with recent results for turbulent flames (ref. 18) shows that
hydrogen-oxygen flames behave in a similar _~nner. TWO interpretations
have been offered for this generally observed increase. me first of
these (ref. 17) maintains that, at flashback, a turbulent burner flame
is stabilized in the turbulent portion of the boundary layer. Hence,
the burning velocity governing flashback is not the laminar burning veloc- d –
ity, and the simple velocity gradient model cannot be a~lied. The
alternative interpretation (ref. 2) is that a turbulent flame is stabilized
in the laminar portion of the boundary layer, and that turbulent flashback -
is related to the velocity gradient in the laminar sublayer. If the
thickness of the laminar sublayer is 2 centimeter, then pipe friction
data indicate that at flashback the stream velocity at a distance 2
centimeter from the wall Ucr is related to the mean stream velocity by
the relation (ref. 2)
tif
Ucr = 0.75 —
~eo.1 (16)
For a pipe Reynolds number of about 5000, equation (16) becomes





Since flashback is presumed to
* the normal burning velocity at some
lL
occur when the stream velocity equals
distance 5t from the wall, a neces-
sary condition that a turbulent flame be stabilized in the laminar sub-
layer is that, at any pressure, TJcr at flashback exceed ~. It had
been shown that this condition was met for hydrogen-air flames at a par-
ticular pressure (ref. 2). Since the pressure exponent of the mean flash-
back velocity (0.29) was nearly the same as the pre~sure exponent of
burning velocity (0.23), the relations among Ucr, Uf, and ~ should
have been nearly independent of pressure; therefore, the condition for
flame stabilization in the laminar sublayer should have been met at all
pressures. Furthermore, the measured increase in burning velocity due to
turbulence was probably far too small to account for the increase in the
critical flashback gradient. Under these conditions, then, the increase
in the critical flashback gradient could be ascribed only to a decrease
in the penetration distance 5 with turbulence. Thus, for both hydrogen-
ate and propane-oxygen-nitrogen flames the relation between laminar and
turbulent penetration distances may be expressed as
(18)
8 Although the foregoing explanation follows naturally from experi-
mental data, it has several weaknesses. First, it assumes that the
thickness of the laminar sublayer % is accurately known and independent
of the presence of a flame. Actually, the value of 3 is uncertain,
l because a large part of the boundary layer in a pipe represents a region
of transition from laminar to turbulent friction. The effect of the
presence of a flame is likewise unknown. Second, the validity of the
. observation that the pressure dependence of the mean flashback veloclty
is about equal to the pressure dependence of burning velocity may depend
on the method used for measuring the burning velocity. That is, according
to reference 11, the pressure exponent for burning velocity of hydrogen-
air flames is about O.1~ this value is significantly smaller than the
pressure exponent for Uf and, by equation (16), Ucr. Thus, according
to reference 11, Ucr decreases more rapidly with decreasing pressure than
Ub, so that at some low pressure the condition Ucr>~ no longer holds.
A third weakness lies in the difficulty of determining the effect of a
large change in an indirectly defined property, the penetration distance,
on a closely related directly defined property, the dead space at the wall,
which cannot be measured directly. That is, there is no adequate quali-
tative line of reasoning that would suggest that the dead space at the
wall, as approximated by the penetration distance, should decrease markedly
with turbulence. Finally, the possibility exists that the mean flame
surface is not the most significant surface for determining turbulent
. flame speed, but that some smaller surface, perhaps the inner flame sur-







exceed the laminsr burning velocity by an amount sufficient
the increase in gf. Thus, one of the two arguments in .
favor of a decrease in penetration distance with turbulence would not be
valid.
In any event, the laminar sublayer model appears to apply about as
well to the present system as the hyitrogen-ai.rsystem. By equation
(10), the pressure exponent of the mean stream velocity at flashback is
0.19, which is in good agreement with the presently measured value of n, g
0.22. Thus, the condition Ucr>Ub should hold at flashback. Further- P
more, even if calculations based on pipe friction in cold flow are not
valid, figure 3 shows that over the measured range ~,t/UbSl.4. ~
with hydrogen-air flames, this increase in burning velocity is much too
small to account for the increase in gf with turbulence.
One further comparison might be made between the behavior of the
present system and hydrogen-air flames. At any pressure, the critical
boundary gradient for flashback is considerably higher for propane-oxygen-
nitrogen flames than for hydrogen-air flames. This is true even though
hydrogen-air burning velocities are slightly higher than those tor””propane-
oxygen-nitrogen flames. The behavior of gf does seem to follow adia-
batic flame te~eratures more closely, which at 1 atmosphere are 2844° K
for propane-oxygen-nitrogenflames (ref. 6) and 2360° K for hydrogen-
air flames (ref. 4).
in a later section.
In figure 7 are
This correspondence is treated more extensively
l
Blowoff .
shown the flashback and blowoff portions of stability
loops at an equivalence ratio of 1 for burners 1.459, 1.016, and 0.546 -
centimeter in diameter. The data are given in table 11. For the present
system the blowoff portion as well as the flashback portion reproduces
qualitatively the features displayed by the stability loops for hydrogen-
air flames. In the laminar region the blowoff curve goes through a
minimum; that Is, there is a point on the blowoff curve where
~ 10gp/?I 10gubo iS Ze~O. On the low Reytioldsnumber side of this
minimum lies the region of partial wall quenching; on the other side is
the normal laminar region. As with hydrogen-air flames, the normal laminar
region is not well defined; a log-log plot shws considerable curvature*
Furthermore, there is no definite break in the curve corresponding to the
laminar-turbulent transition region. The curves do break sharply upward,
however, with the onset of fullY developed t~b~ence= ~is bre~o~c~&s
at about the same Reynolds number for blowoff as for flashback.
0.546-centimeter burner, the onset of turbulence was made to occur at a
lower Reynolds nuuiberby loosely packing the burner inlet with steel wool.
Results are shown in figure 7(c) with and without inlet packing.
“
.
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Turbulent blowoff data are adequately represented by straight lines,
.
as shown in figure 7. Thus, the curvature shown by turbulent blowoff
curves for hydrogen-air flames is hot observed for the present system.
Also, turbulent blowoff curves are nearly psrallel to corresponding
flashback curves. Finally, at any given pressure, turbulent blowoff data
are nearly independent of burner diameter. That these three conditions
(ref. 2) are met suggests that turbulent blowoff data may be correlated
by a critical boundary velocity gradient defined as
gbo,t
even though the corresponding
i7bo







might not be satisfactory in the laminar region. me quantities gbo
and gbo,t are shown plotted as functions of pressure in figure 8. Also
included are laminar data for a burner 0.311 centimeter in diameter.
These critical blowoff gradients are also given in table II. Data in the
region of partial wall quenching are omitted, however. The correlation
in the laminar region is unsatisfactory; results are not independent of
burner diameter. However, the correlation in the turbulent region is
much more satisfactory. The measured slope of the line, 1.30, is
l
reasonably close to the average slope for flashback, 1.13. For hydrogen-
air flames, turbulent blowoff was not correlated by gbo,t; blowoff curves
showed a strong dependence on burner diameter. The cause of this dif-
ference in behavior is not known.
One other point of comparison may be noted. Figme 9 shows stability
loops for propane-oxygen-nitrogen and hydrogen-air flames su&rimposed
for equivalence ratios of 1.00 and 1.50 and for a 1.459-centimeter burner.
For both systems the compositions chosen correspond a~roximately to maxi-
mum laminsr reactivity (assuming gf is a measure of flame reaction rate).
Even though the propane-oxygen-nitrogen system shows a higher reactivity,
since it shows a higher value of gf for a given pressure, its over-all
stability based on the area within the stability loop is less. In fact,
it is less stable toward both flashback and blowoff. The difference in
stability towsrd turbulent blowoff is particularly marked. ‘I!hus,the
results show that a greater reactivity is not necessarily accompanied by
greater stability toward the effect of pressure.
. A portion of a stability loop for laminar stoichiometric acetylene-
air flames is also shown in figure 9. Since in reference 5 no loop is
given for a burner diameter of 1.459 centimeters, the present construction
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is a rough estimate based on interpolation of a few characteristicpoints.
The pressures at the quenching points and the minimums in the blowoff curves “ ‘-
were assured to occur at the same mean stream velocities for all burner
sizes. These stream velocities were 70 and 200 centimeters per second,
respectively. Log-log plots of each set of_pressures against burner diam-
eter were linear, so that values for a 1.459-centimeterburner could be
—
obtained by interpolation. The log-log slope of the flashback curve in
the normal laminar region was taken as 0.77, the value obtained in ref-
erence 5 for the 0.71-centhneter burner. The fWshback curve included
a region of partial quenching, which is shown by the loops in reference
5. The break in the flashback curve _ws made to occw at the same
Reynolds number (representedby P X U for a given burner diameter and
initial mixture) as the minimum In the blowoff curve. The resulting
stability loop is.roughly similar to those given in reference 5 and
probably is qualitatively correct. It appears, then, that acetylene-
air flames having a maximum burning velocity of about 150 centimeters
per second (ref. 6) are more stable toward blowoff than the other two
systems considered, but, in most of the normal laminar region, show con-
siderably less reactivity based on flashback.
Quenching Distance
It is pointed out previously that for a given burner the flashback
and blowoff curves intersect at a point q (fig. 7), which gives the value
of the quenching diameter for the pressure at the point of intersection
(refs. 5and8, p.”19). If points of intersection are obtained for
‘–
several burners, the quenching diameter can be plotted as a function of
pressure. This has been done for several systems (ref. 8, p. 21), and
most recently for the hydrogen-air system (ref. 2). In the present study -
the stability loops for 1.016- and 1.459-centimeter burners were closed
by a reasonably short extrapolation to the point q. For the 0.546-
centimeter burner the range of flows obtainable was not sufficiently large
to close the loop. However, the available data give a fair estimate of
the pressure at which the flashback and blowoff curves should intersect.
—
Results are shown in figure 10 for the present system and for the hydrogen-
air system. Also shown are results for the same systems as those of ref-
erences 15 and 4 but obtained by a different method. In this method a
stable flsme was established at some pressure. The flow was then cut off,
and it was carefully determined whether the flame did or did not flash
back. The quenching prdssure was then taken as the highest pressure at
which a flsme did not flash back for a given burner size. These values
—
were corrected to give the quenching diameter. The correction factor used
was the theoretical one (ref. 19). Both methods give lines which are
roughly parallel and correspond to a pressure exponent of about -1. How-
ever, for both systems the method of stability loops gives considerably h“
higher values of the quenching distance at a given pressure. The coeffi-
cients relating the critical boundary velocity gradient for flashback with
the quotient ~/Dq, 2.6 and 3.1, for hydrogen-air and propane-oxygen- .
nitrogen flames, respectively, were determined using data obtained by the
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stopped-flow method of measuring quenching distance. If stability-loop
.
data are used, the resulting coefficients are 4.8 and about 5.3. The value
for the propane-qgen-nitrogen system is a rough one, since quenching
curves by the two methods are not exactly parallel, and the logarithmic
difference is not the ssme at all pressures. On the basis of the simple
theory that the quenching distance between parallel plates should be
about twice the penetration dis~ce defined by equation (4), the co-




11 and 12 and table III are shown critical flashback
boundary velocity gradients for hydrogen-argon-’’air”and hydrogen-helium-
“air” flames as a function of pressure for several burners. The data
are only for the normal laminar region. For hydrogen-argon-’’air”flames
a composition range from q= 0.90 to q = 2.25 is covered. For hydrogen-
helium-’’airnflames data are shown at equivalence ratios of 1.10 and
1.50. Results are independent of burner diameter, except for the richest
mixture studied (q = 2.25). This dependence on burner diameter was ob-
served for the other systems studied with rich mixtures. The dependence
is not consistent, however. That is, for hydrogen-air flames, the smaller
burner gives a larger gradient at a given pressure. For propane-oxygen-
nitrogen and hydrogen-srgon-’’air”flames, however, the opposite dependence
b is observed. Since the lines for different burners are parallel, this
burner dependence does not affect the determination of the pressure
exponent.
It should be first noted that flashback data for hydrogen-helium-
“air” flames are almost coincident with those for hydrogen-argon-’’air”
flames and that both systems give, at any pressure, a value of gf shout
twice as great as that observed for the hydrogen-air flames (ref. 1).
At first it seems surprising that reactivity of hydrogen-helium-’’air”
mixtures, based on flashback, is no greater than that of hydrogen-argon-
‘tair”mixtures, in view of the much larger burning velocity shown by
helium ‘tair”(ref. 11}. However, gf is proportional to the quotient of
burning velocity divided by quenching distance; it iS well known that the
effect of using helium as a dlluent in a combustible mixture is to increase
the quenching distance and, therefore, the penetration distance as well as
the burning velocity (ref. 20). Present results indicate that the two
are increased by about the same amount so that by equation (12] the change
in gf is not significant. This increased quenching distance may be
observed, indirectly, through the fact that the visible dead space above
the rim of a hydrogen-helium-’’air”flame is noticeably larger than for
flames involving other diluents. The correlation of ~ with burning
velocity and quenching distance has not been attempted for these systems
because precise values for quenching distance at reduced pressures are not
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available. Furthermore, burning velocities for helium flames are probably
unreliable when obtained by a Bunsen burner method because of the extremely -
large dead space above the rim associated with the large quenching
distance.
Adiabatic flame temperatures for hydrogen-argon-’’air”and hydrogen-
helium-’’air”flames are the same for a given mixture at a constant pres-
sure. This is because molar specific heats for the two diluents are
—
identical to the degree of approximation used in calculating flame tem-
peratures. For a stoichiometric mixture at 1 atmosphere a value of 2640°
K is obtained, while 23800 K is obtained for the hydrogen-air flame. It .~r
appears, then, that within the hydrogen-oxygen-inert triad considered,
there is at least a rough correspondencebetween gf and the adiabatic
flame temperature.
The slopes of the flashback curves give an average value for
~ log gf/?3logP of 1.51 between equivalence ratios of 1.10 and 1.80.
—
At an equivalence ratio of 0.90, the value is somewhat higher, 1.68. This
is consistent with the behavior of lean hydrogen-air flames. In refer-
ence 1 a pressure exponent of 1.99 is reported for an equivalence ratio
of 0.80 for hydrogen-air flames, whereas between 0.95 and 2.25 an average
value of about 1.35 is reported. For the hydrogen-argon-’’air”system at
an equivalence ratio of 2.25, a lower value is obtained, 1.22. Since
critical flashback gradients were strongly dependent on burner diameter
at this equivalence ratio, the exponent obtained is probably not com-
parable to those obtained at leaner equivalence ratios and is not included a
in the average. Therefore, using the value .1.51for the pressure ex-
ponent of flashback, one can obtain a reaction order m by equation (1.5).
At 0.1 atmosphere the adiabatic flame temperature for a stoichiometric .
hydrogen-argon-’’air”flame is 2477° K. Combination of this value with
the value of 1 atmosphere gives d log T~d log P = 0.029. If an activa-
tion energy of 24 kilocalories per mole is used and the usual assumption
is made relating Tn and Tq, a value of 2.37 is obtained for m. This
is slightly higher than the value obtained for the hydrogen-air flame,
2.25.
—
Figure 13 shows a cross plot of gf -as a function of equivalence
ratio at constant pressure for pressures of 76 and 30 centimeters of
mercury. At an equivalence ratio of 2.25, gf was considerably different
for the two burners used. Curves are extended through data points for
the larger burner in order that the two curves be similar in shape, each
showing a single maximum. The maximum occtis at about 39 percent hydrogen,
which agrees with the result for hydrogen-air flames. Thus, it appears









RELATION OF FIASE6ACK TO OTEER FLAME PROPERTJXS
the basis of detailed flashback results for four different fuel-
systems, it becomes of interest to examine these and other flash-
back data-available in the literature for the purpose of finding such
general relations as may exist. Two possible relations are immediately
Buggested. The first is a relation among fuel-oxidant systems between
the critical boundary velocity gradient for flashback at some reference
condition and the pressure exponent for flashback. This would be analogous
to the relation between burning velocity and the pressure exponent of
burning velocity. Since the pressure exponent for flashback is closely
related to the reaction order, such a relation would give the reaction
order as an apparent function of the reaction rate. Secondj if gf does,
indeed, represent a reaction rate, then some general relation should exist
among fuel-oxidant systems between gf at some reference condition and
the adiabatic flame temperature, also at a reference condition.


















































































































which lists gf for stoichiometric mixtures at a pressure






In addition, values-of (~)0;857
.L[
are given, because it has been shown
(ref. 14) that for very many systems U@q, the quantity FroFortional g.
to a reaction rate, actually correlates with (g~)0”857. For the prop~nk- P
air, propane-oxygen, and methane-air systems the values of & are ob-
tained from reference 12 (~. 299 and 300); the value of a log gf/a log p
given for the propane-air system is actually that for the butane-air
system obtained from reference 21. For the ethylene-air system entries
in the table are based on flashback data given in reference 7. In that
paper flashback is expressed in termS of volume flow as a function of
composition at several pressures. These data were recalculated and cross-
plotted to give the mean stream flashback velocity as a function of
pressure, from which the log-log slope was obtained. The value of gf
at 1 atmosphere was determined by extrapolation. The entries for the
acetylene-air and acetylene-oxygensystems were obtained from stability
loops given in reference 3 and were based on data fog a 0.71-centimeter
burner. That was the largest burner for which log Uf was linear with
log P over a sufficiently long range. Again values for gf at 1 atmos-
—
phere were obtained by a short extrapolation. Entries for carbon
monoxide - air flames are based on the data given in reference 24. In that
study gf was measured at pressures from l_to about 100 atmospheres, with
the use of very carefully dried carbon monoxide; adiabatic flame te~er- .
atures were calculated over the same pressure range. The pressure ex-
ponent given in the table was obtained by cross-plotting data at several
4-
concentrations against pressure. The value..foundwas constant over a
range of concentration which included stoichiometric conditions (about
—
30 yercent carbon monoxide) and the concentration at which ~ maximized
(about 45 percent carbon monoxide). Generally, values of ~ listed are
those available in the literature; for these} references we @ven in the
—
table. For hydrogen-argon-’’air”,hydrogen-helium-’’air”~hy~ogen-owgen~
and acetylene-oxygen systems, recent values were not readily available.
For these systems Tn was calculated by the method of reference 25.
According to the table, there is no relation between gf and its
pressure exponent. In particular, the e~onent for the acetylene-air
system seems abnormally low. It is possible, however, twt the deter-
mination of the pressure exponent is so sensitive to small errors inherent
in a particular method that reliable values for
ponent’could be expected only from a single set
mental data. Nevertheless, there appears to be
and the adiabatic flame temperature. Figure,14
the variation of the ex-
of self-consistent eqeri-




NACA TN 4031 19
.
0 is plotted against0.857 log gf @’n, data for all five hydrocarbon
systems lie on a straight line. Data for the four hydrogen-containing
systems fall on a separate line whose slope is slightly less negative than
that of the hydrocarbon line. I% one assumes the simplest kind of re-
lation between the reaction rate in the flame and the adiabatic flame
temperature
‘Eact/%
maO.857 in gf me (21)
then the slopes in figure 14 should give values for an activation energy.
Values obtained are 66 kilocalories per mole for hydrocarbon flames and
44 kilocalories per mole for hydrogen flames. These are considerably
higher than activation energies calculated either from low-temperature
oxidation rates or from flame properties (refs. 22 and 23) and are probably
incorrect because of the assumed extreme simplicity of the kinetics.
However, the apparent hydrocarbon activation energy i.sconsiderably larger
9 than that for hydrogen; this d~ference is also observed for flame activa-
% tion energies obtained according to other approximations. The data point9 for stoichiometric carbon monoxide - air flames lies below both the hydrogen
and hydrocarbon lines, which seems to indicate that carbon nwnoxide is
8 less reactive than a hydrocarbon that burns at the same fhme temperature.
(Stnce themeasured line-reversal temperature (ref. 12, p. 766} is very
nearly the same as the calculated adiabatic temperature, this effect
is not caused by a lowering of the flame temperature due to radiation.]
. This is also true for carbon monoxide - air flames at higher pressures.
Thus, the result at 21.4 atmospheres still lies
curve (fig. 14). By this token, then, hydrogen
.
rather more reactive than hydrocarbon flames at
SUMMARY OF RESULTS
well below the hydrocarbon
flames by contrast are
the same flame temperature.
Stability limits and burning velocities have been measured as a
function of pressure for several fuel-oxidant systems. The results are
summarized as follows:
1. Stability loops qualitatively reproduced features observed for
hydrogen-air flames. In particular, regions of l.aminar-turbulenttrans-
ition occurring at Reynolds numbers characteristic of cold flow in the
burner were observed for both flashback and blowoff. The area within a
stability loop was less, however, for the propane-oxygen-nitrogen system
under corresponding conditions.
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.
where gf i.sthe critical boundsry velocity gradient, Ub is the laminar
burning velocity, and Dq is the quenching distance between infinitely
long parallel plates. The pressure exponent of gf was 1.13, and at a
given pressure ~ was higher than for the.hydrogen-air system. Applica-
tion of a thermal equation for flame propagation gave a reaction order
of 1.94.
3. For propane-oxygen-nitrogenflames laminar and turbulent boundary
velocity gradients at flashback were related by an expression E
P
(gf,Jgf)y = A
As with hydrogen-air flames A had an over-all value near 3. However,
in the present case, it increased with increasing equivalence ratio.
4. For propane-oxygen-nitrogenflames laminar blowoff was not cor-
related satisfactorily by a critical boundary velocity gradient. However,
turbulent blowoff velocity was more nearly independent of burner diameter
than for hydrogen-air flames and showed about the same pressure dependence
as turbulent flashback. —
5. As with hydrogen-air flames, quenching distances for propane-
oxygen-nitrogen flames determined from stability loops were higher than
those determined by other methods.
—
6. For hydrogen-argon-nair” and hydrogen-helium-’’ai:’:flames a
*
pressure dependence of 1.51 for gf was found. Data for the two systems
nearly coincided, and at any pressure gave values of gf about twice as .
great as for hydrogen-air flames. A reaction order of 2.37 was calculated;
the order previously obtained for hydrogen-air flames was 2.25.
7. No relation was observed among several fuel-oxidant systems
between the critical boundary velocity gradient and its pressure exponent.
However, for stoichiometric flames the critical boundary velocity gradient
—
for flashback at 1 atmosphere decreased exponentially with the reciprocal
of the adiabatic flame temperature, behaving, in this respect, as a
chemical reaction rate.
Lewis Flight Propulsion Laboratory
National Adivsory Committee for Aeronautics



























coefficient relating cribical boundary velocity gradients for





critical boundary velocity gradient, see-l
thickness of laminar sublayer in turbulent pipe flow, cm
molar we@ht, g
reaction order, dimensionless
pressure exponent of burning velocity,







mean stream velocity, cm/sec
burning velocity, cm/sec
volume flow, cm3/sec




equivalence ratio, fuel-air ratio divided by fuel-alr ratio for
stoichiometric mixture
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u) flame reaction rate, see-l
Subscripts:
bo blowoff
cr critical for laminar-turbulent transition
f flashback
i index of summation
n normal flame conditions
o initial conditions
P constant pressure
q quenching; Dq refers to quenching diameter or quenching distance
between parallel plates, as indicated by context
t turbulent
Superscript:
o standard conditions or calibration condition (pressure of about
1 atmand room temperature)
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TABLE II. - BLOWOFF OF IAMINAR AND TURBULENT PROPANE-OXYGEN-NITROGENFIAMZS












































































































































































































































bPartially quenched; not shown in fig. 8.








TABLE 11. - Concluded. BK)WCE’J?OF LAMINAR AND TURBULENT
PROPANE-OXYGEN-NITRmEN FLAMES





























































































































‘Partiallyquenched; not shown in fig. 8.
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Figure 8. - Blowoff of propane-oxygen-nitrogen flamea.
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